Water quality modeling is an important issue for both engineers and scientists. The QUAL2K model is a simulation tool that has been used widely for this purpose. Uncertainty and sensitivity analysis is a major step in water quality modeling. This article reports application of Monte Carlo analysis and classification tree sensitivity analysis in the modeling of the Zayandehrood River. First the model was calibrated and validated using two sets of data. Then, three input values (stream flow, roughness and decay rate) were considered for both analyses. The Monte Carlo analysis was conducted using triangular distribution of probability of occurrence for the input parameters. The classification tree analysis classifies outcome values into non-numeric categories. Considering the relationships between the input parameters in the classification tree analysis is the most important advantage of it. The analyses demonstrated the key input variables for three points of the river. The dissolved oxygen levels were mainly sensitive to the decay rate coefficient along the river.
water quality modeling study on the Nakdong River in Korea, performed by both QUAL2K and QUAL2E, demonstrated that the latest version is more accurate than the former (Park & Lee ) . It has been also reported that this model can be used as a good tool for determining reaction kinetics of a river (Ghosh ) . Application of QUAL2K for water quality modeling in the Bagmati River showed that the model represented the field data accurately (Kannel et al. ) . In their study various water quality management options to control DO, such as pollution loads modification and local oxygenation were investigated. In some cases with insufficient data for using complex 2D or 3D models QUAL2K can be perfectly suitable (Paliwal et al. ) . It has also been reported that a simplified model and a more complicated model such as Mike 11 yield similar results (Radwan et al. ) .
There is an argument stating that as a model becomes more complex in terms of the increased number of parameters and variables, the error between simulations and measurements decreases and the overall model sensitivity increases (Snowling & Kramer ) . It has been also argued that the most complex model is not necessarily the most useful one (Lindenschmidt ) .
In parallel with modeling, uncertainty and sensitivity of input and output data must be investigated in order to have a more accurate estimation of water quality. Uncertainty analysis is a way to describe the model and parameter uncertainties. Along with uncertainty analysis, sensitivity analysis will enable modelers to estimate the range of likely outputs according to the selected range of input variables. The ranges of input variables which are selected for sensitivity analysis can be given to the model to calculate the outcomes and determine the most effective variables. The contribution to output uncertainty by an input is related to: (a) uncertainty of the input variable and (b) sensitivity of the output to that particular input (Mishra et al. ) . It is reported that uncertainty should be considered throughout the modeling study starting from the very beginning (Refsgaard et al. ) . The inevitability of significant uncertainty and the need to account for it in water quality management have been recognized in the development of some modeling tools. For example, QUAL2EUNCAS (Brown & Barnwell ) 
STUDY AREA AND METHODOLOGY

Study area
The Zayandehrood River is one of the biggest rivers in the management is required in order to simulate its quality and also to prevent the water quality of getting deteriorated.
The modeling tool (QUAL2K)
Qual2k is the newest version of Qual series which can simulate streams and river quality in a one-dimensional steady state condition. In the Qual2k model the river is divided into several reaches and each reach is divided into equal segments. These segments are the model's shortest elements.
This model can simulate fate and transport of many parameters and contaminants such as temperature, BOD, DO, phytoplankton, various kinds of nutrients, pH and etc
Qual2k has a general mass balance (Equation (1)) for a constituent concentration, c i in a water column of reach i ( Figure 2) :
pollutant to reach i (mg s À1 ), S i ¼ sources and sinks of the pollutant including reactions and mass transfer (mg s À1 m À3 ), E i ¼ dispersion coefficient between reaches i and i þ 1 (m 3 s À1 ), E iÀ1 ¼ dispersion coefficient between reaches i -1 and i (m 3 s À1 ) and t ¼ time (s). The Manning equation which is used to express the relationship between flow and depth in the model is
where S 0 ¼ bottom slope, n ¼ the roughness factor (s m À1/3 ),
A c ¼ the cross-sectional area (m 2 ) and P ¼ the wetted perimeter (m).
The sources and sinks (S i ) of DO in the Qual2k model in this investigation are formulated as
where
There are several reaeration formulas which can be used in the Qual2k model. However, Chapra et al. () has expressed that they might be inappropriate for some cases and the reaeration rate can be manually calibrated.
Monte Carlo simulation analysis
Monte Carlo Simulation (MCS) analysis is based on the characterizing input distribution. The probability density function (pdf) shows the distribution of each input values.
This distribution can be uniform which means that there is an equal likelihood of occurrence for parameter values.
On the other hand, the normal distribution assumes that the probability of occurrence of the input is like a bellshaped curve. It has been suggested to use prior knowledge based on previously monitored events for probability distribution of parameters if possible (Freni & Mannina ) .
The triangular distribution can be used to approximate the normal distribution (Chapra ).
The first step for uncertainty analysis based on MCS is to calculate the pdf due to boundaries of the selected input.
Afterwards, the cumulative distribution function (CDF) is
Since the area under the pdf is equal to 1, the CDF varies from 0 to 1. CDF(x) demonstrates the probability that the input parameter will be less than 
where n ij is the number of cases which are assigned to class j at node i, p ij is the probability distribution at i over the classes j that can be estimated for each node:
The total reduction in deviance from splitting node s into nodes t and u is
The tree is built based on maximum reduction in deviance.
The termination of splitting occurs in two conditions:
(1) number of cases at a node becomes less than a set minimum, or (2) This helps to identify and compare the key values visually.
RESULTS AND DISCUSSION
The river was divided into 18 reaches and (from the reservoir till the swamp) with different characteristics ( were also measured in two separate seasons ( Table 2) DO and BOD levels. The first step was to calibrate the roughness factor using the measured velocities and water depths (Figures 3(a) and (b) ). As seen, the measured and modeled values are similar. The calibrated roughness factors were then validated using the wet season data (Figures 3(c) and (d) ).
Then the decay rate of BOD and the reaeration rate were calibrated and validated based on the measured BOD and DO concentrations. Table 3 shows 
Application of Monte Carlo analysis
In application of MCS analysis for the Zayandehrood River, three stations were selected to determine the DO level.
These three points were about 258 km, 172 km and 85 km from downstream. The first step for MCS analysis is to choose the distribution for each key input variable in order to calculate the pdf. The distributions of input parameters were chosen to be triangular as an approximation of normal distribution. Three input values have been taken into consideration for uncertainty and sensitivity analysis:
flow rate (Q), decay rate (k) and roughness factor (n).
The effect of stream flow and BOD decay rate on the uncertainty of BOD and DO founded to be dominant in the Zayandehrood River (Abrishamchi et al. ) . In addition, due to frequent dredging of river bed and other projects which affect the river bed, the roughness factor may vary especially in the last 200 km. Therefore, the uncertainty and the sensitivity of the Zayandehrood River to these parameters is a matter of concern. Typical ranges (Chapra ; Chapra is left-skewed ( Figure 5(d) ). The variation of DO versus stream flow at this point shows that, as the stream flow increases the DO levels increases as well. However, this increasing trend levels off as the stream flow becomes very high ( Figure 6(a) ). This causes more occurrences of higher DO values (the right side of the pdf). The pdf of DO (when decay rate varies) in this point can be approximated by a triangular (Figure 5(e) ). The variation of DO versus decay rate in this point demonstrates that the DO level is inversely related to the decay rate ( Figure 6(b) ). Therefore, the mode happened in the middle of the DO range. The pdf of DO, when roughness varies, is right-skewed ( Figure 5(f) ). The variation of DO versus roughness coefficient shows that as the roughness increases (until roughly 0.125) the DO levels decreases due to increase of depth and as a result of that decrease of reaeration rate. From this point onwards, there is an increasing trend of DO ( Figure 6(c) ). This increase of DO is because of increase of traveling time (due to increase of roughness) and therefore, reduction of BOD in the downstream. The reduction of BOD causes the DO levels to increase as the traveling time increases. At this point of the river (172 km from downstream) according to calculated CVs, the DO is more sensitive to the decay rate and after that the key parameters are stream flow and the roughness, in that order.
The pdf of DO (when decay rate varies) is right-skewed in the point 85 km from the downstream (Figure 5(h) ). This is because DO decreases with a convex curvature ( Figure 6(e) ).
In the case that roughness coefficient varies, this trend is different ( Figure 5(i) ). Low flows in the downstream are due to the abstractions along the river. Therefore, in this part the depth of the water and as a result of that the reaeration is more important than the roughness. As the roughness increases, the DO levels increasing trend levels off (Figure 6(f) ). This explains the low sensitivity of DO to the roughness coefficient in this point. The reason for increasing trend of DO is same as that of the last point. As the roughness increases, the velocity decreases and therefore the traveling time increases. This causes a decrease in the amount of BOD and DO in the upstream. However, in the downstream of the river the reaeration and lower BOD cause an increase in DO concentration in comparison with cases with lower values of roughness. In the downstream, as the stream flow increases, the DO concentration in this part increases too ( Figure 6(d) ). This increase is obviously because of the increase in the velocity and increase of reaeration rate.
The pdf in this situation implies that the increasing rate of dissolved oxygen is steady so the maximum frequency occurs approximately in the middle of the histogram ( Figure 6(d) ). At this point, based on the CV values, the DO is more sensitive to the decay rate rather than stream flow and the roughness coefficient. In brief, from the results of the MCS analysis for the Zayandehrood River, it can be concluded that the decay rate is the most significant parameter for DO values.
Application of classification tree analysis
To evaluate the sensitivity of the model using classification tree analysis, the first step is to determine the distribution ranges of the input factors. Similar to MCS analysis, three input variables were selected: flow rate (Q), decay rate (k) and the roughness factor (n). In order to categorize the output parameters (DO) into non-numeric factors, the USEPA's water quality standards (www.epa.gov) was used. According to this classification of water quality, if the DO level becomes less than 5 mg/l, the water can only be used for agricultural purposes. DO is categorized as high if it is above 5 mg/l and low if it is less than 5(mg/l). The same three points of the river have been chosen for the sensitivity analysis. The DO levels predicted by the mentioned simulations were categorized into high and low classes. The classification tree can be used for any number of DO categories. However, the result of classification tree analysis in this investigation is the sensitivity to DO binary classification. Figure 7 shows the classification tree of DO levels at 85 km from the downstream and Figure 8 Figure 9 shows the classification tree for the point 172 km from downstream. As seen, the classification tree was produced using only two input variables. The DO concentration is more sensitive to the decay rate and after that classified. This shows that in this point, the decay rate is more important than the stream flow. Figure 10 is the partition plot for this point of the river which demonstrates the location of high and low concentrations of DO according to key input values.
The last point of the river that was used in the classification tree sensitivity analysis is 258 km far from the downstream. Figure 11 shows the classification tree generated for this point. As seen, the tree was built with two key input values (decay rate and roughness factor). Same as the previous points, the DO concentration is more sensitive to the decay rate. However, in this point, the stream flow is not important. According to the splits, the second key value in this point is the roughness factor. The first split separates 74 highs from total 76 highs based on the decay rate (k ¼ 0.48). The second split is based on the roughness (n ¼ 0.105) and separates all of three lows from two remaining highs. The partition plot for this point can be seen in Figure 12 An important point to note here is that in all three selected points, the DO concentration is more sensitive to decay rate than to the other factors and as the river runs thorough the downstream this sensitivity becomes more.
The reason might be that more wastes are discharged in the downstream. This forces the DO values to decrease according to the decay rate. However, the sensitivity of the output to the stream flow is higher in the middle parts of the river and then it decreases through the upstream mainly because of large amounts of abstractions in the last 150 km of the river. The sensitivity of the output to the roughness factor was mainly seen at the upstream. The variations of the water depth of the water which affects the reaeration are partially due to the changes of roughness.
As the roughness increases the depth of the water will increase and vice versa. The most important advantage of the classification tree analysis is that in this method more than one input can be taken into account at the same time. In this way, the relationships between the input parameters for producing the output can be considered.
SUMMARY AND CONCLUSIONS
The sensitivity analysis helps modelers in decision making process. Application of MCS analysis and classification tree analysis for the Zayandehrood River, one of the biggest rivers in the Middle East, was investigated in this study. The DO concentration as an important indicator of water quality was considered as the main output parameter. In the MCS analysis the pdfs for three input parameters were considered to be triangular. After the decay rate the most important input parameters were found to be the roughness factor in the upstream (258 km from downstream) and the stream flow in the downstream (172 km and 85 km from downstream).
In the classification tree analysis all three parameters have been considered simultaneously. In this method, the results were divided into non-numeric parameters. The amount of DO was classified as high if it was more than 5 mg/l and low if it was less than 5 mg/l. In the upstream of the river the DO concentrations were mostly sensitive to the decay rate and then to the roughness factor. In the middle of the river, the concentration of DO was more sensitive to the decay rate and after that to the stream flow. The classification tree analysis demonstrates that in the downstream of the river, the DO was almost entirely dependent to the decay rate and it was less sensitive to the stream flow.
The main findings of this investigation are:
• The classification tree sensitivity analysis, as a global sensitivity analysis, is capable of determining the most effective input parameters in the model. Classification tree is more accurate in sensitivity analysis since it can consider the effects of all parameters simultaneously.
• The shape of pdfs could be explained by the variation of DO concentration against input variables. Results of sensitivity analysis based on the CV (coefficient of variation)
showed that the decay rate coefficient is the most significant input variable.
• The comparison between the simulated and measured DO and BOD in the calibration and validation steps showed the capability of the QUAL2K.
• One of the advantages of the classification tree analysis is that it can show the different contribution of two or three input parameters to the outcomes by means of the partition plots that can be used easily for water quality classification.
